ABSTRACT. To understand the dynamics of synaptic vesicles and synapsin I, we have studied the localization of synapsin I and synaptophysin in resting and stimulated nerve endings by ultracryomicrotomy and colloidal gold-immunocytochemistry. First, we characterized microvesicles in resting nerve endings of the rat neurohypophysis, which was chosen as the model of nerve ending in this study. Synaptophysin was localized in microvesicles that were clustered beneath the plasma membrane. Quick-freeze deep-etching electron microscopy showed that short strands cross-linked microvesicles to each other, which highly resembly the structures observed in our studies of the presynaptic nerve terminals of central and peripheral nervous system and in vitro reconstitution of synapsin I and synaptic vesicles. Immunocytochemistry showed that synapsin I was localized to the region of cluster of microvesicles. Second, using this system, we examined localization of synapsin I and synaptophysin in nerve endings after electrical stimulation. Besides release of neurosecretory granules, clusters of microvesicles disappeared and both microvesicles and synaptophysin were scattered over nerve endings. These changes were also confirmed by quick-freeze, freeze-substitution.
Nerve terminals contain clusters of synaptic vesicle near the active zones. Depolarization of nerve terminals induces Ca2+ entry through Ca2+ channels at the active zones followed by exocytosis of synaptic vesicles (1 1). Synapsin I, a major peripheral membraneprotein of synaptic vesicles, is thought to regulate synaptic transmission (for review, see 7). In nerve terminals of central and peripheral nervous system, synapsin I cross-links synaptic vesicles to each other and/or to cytoskeletal elements (5, 6, 14, 15, 18, 29) . Synapsin I binds to synaptic vesicles, F-actin and other cytoskeletal elements in phosphorylation dependent fashion in vitro (1, 2, 30, 32) . Injection of dephospho-synapsin I inhibits and injection of calcium/calmodulin-dependent protein kinase II (CaM kinase II) facilitates synaptic transmission in the squid giant axon (19, 21, 22) . Introduction of synapsin I or CaMkinase II into rat synaptosomesalso showssimilar effect on transmitter release (26) . Thus it is proposed that synapsin I restrains synaptic vesicles to be clustered as a reserve pool in resting nerve ending and that phosphorylation of synapsin I by CaM kinase II after depolarization and accumulation of Ca2+liberates synaptic vesicles and enable them to moveto the active zones for release.
To capture the translocation of synapsin I and synaptic vesicles in response to stimulation mayprovide important information on the regulatory role of synapsin I in synaptic transmission. High potassium depolarization of synaptosomes translocates synapsin I to the cytosol fraction in phosphorylation dependent manner (34) . However, little is known about the in situ dynamics of synapsin I and clustered vesicles during depolarization.
Intensive stimulation by a-Latrotoxin with extracellular Ca2+failed to show redistribution of synaptophysin, an intrinsic membrane protein of synaptic vesicles, and synapsin I in the frog neuromuscular junction (37 synaptic vesicles, implying their secretory role (25) .
In this work, we first characterized clusters of microvesicles in resting nerve endings in the neurohypophysis. Next we examined the dynamics of microvesicles and synapsin I after stimulation. Wefound the redistribution of microvesicles in the nerve endings after stimulation by quick-freeze, freeze-substitution, which enabled us to capture membraneevents without any artifact of chemical fixation. We carried out immunogold labeling on cryo-ultrathin sections from unstimulated or electrically stimulated neurohypophyses for synaptophysin (16, 27, 38) , as a marker of microvesicles, and synapsin I. Wealso observed resting nerve endings of neurohypophysis by quick-freeze deep-etch electron microscopy (QF-DE). This report shows the redistribution of synapsin I and microvesicles in the nerve endings of neurohypophyses after stimulation.
MATERIALS AND METHODS
Sample preparation and electrical stimulation. Neurohypophyses were isolated after decapitation of etherized male Wistar rats (5 weeks old). They were incubated in the physiological incubation buffer of the following composition (mM): NaCl, 155; KC1, 5.0; CaCl2, 2.0; MgCl2, 1.0; NaH2PO4, 0.25; glucose, 10; HEPES, 10 adjusted to pH 7.3 with NaOH. The mediumwas maintained at 37°C with oxygenated. A single gland was stimulated with monophasic pulse train at 50 Hz for 20 s through a bipolar electrode. Each stimulus pulse had an intensity of 1 mAand duration of 2 ms (33). Conventional electron microscopy. Stimulated or unstimulated neurohypophyses were rapidly fixed by immersion in an ice-cold solution of 2.5% glutaraldehyde and 2% formaldehyde (freshly prepared from paraformaldehyde) in 0. 1 M sodium phosphate buffer at pH 7.3 for 30 min. They were then left at room temperature for 2 h to allow further fixation. Post fixation with OSO4and block staining with uranyl acetate was carried out. The neurohypophyses were dehydrated with ethanol and embedded in Epon 812. Thin sections were stained with uranyl acetate and lead citrate. Immunostaining on Cryo-ultrathin Sections. Sample prefixation was performed as described above except for fixative; a solution containing 0. 1% glutaraldehyde and 2.5% formaldehyde (freshly prepared from paraformaldehyde) in 0. 1 M sodium phosphate buffer at pH 7.3 was used for immunocytochemistry. Cryo-ultrathin sections were prepared as described previously (35) . The sections were washed with 50 mMglycine in PBS for 15 min and blocked with 5% normal goat serum in PBS for 20 min. The sections were incubated for 1 h at 37°C with either diluted anti-synapsin I antibody or anti-synaptophysin antibody, whose characterization was perfomed elsewhere (9, 14, (27) (28) (29) . Antibodies were diluted in \% bovine serum albumin in PBS. After washing with 0.2% bovine serum albumin in TBS, pH 8.2, the sections were incubated for 1 h at 37°C with 5 nm colloidal gold-labeled second antibody (goat anti-rabbit IgG for anti-synapsin I labeled sections, goat anti-mouse IgG for anti-synaptophysin; Amersham International, Amersham, UK). Second antibodies were diluted 20-fold with 0.2% bovine serum albumin in TBS, pH 8.2. Following thorough wash, fixation with 3% glutaraldehyde in PBS and wash with distilled water, the sections were embeddedin a mixture of uranyl acetate and polyvinyl alcohol according to Tokuyasu (36) . Nonspecific rabbit IgG and mouse IgG instead of anti-synapsin I antibody and anti-synaptophysin antibody, respectively, were used as control.
Quick-Freeze, Deep-Etch Electron Microscopy of the Neurohypophysis. Isolated neurohypophyses, rinsed briefly with the physiological incubation buffer and hemisected along the sagittal plane, were quick-frozen with a liquid heliumcooled freezing machine. Quick-frozen samples were freezefractured, deep-etched, and rotary-replicated with platinum and carbon as described previously (10, 13).
Freeze Substitution.
Quick-frozen samples were substituted in 2% OsO4 in acetone at -80°C for 2 days. Samples were then incubated at -20°C, 4°C, and room temperature for 2 hrs respectively. After block staining in \% uranyl acetate in acetone overnight, the samples were embeddedin Epon 812 as described previously (12) . Electron Microscopy. Samples were examined at 100 kV with a JEOL 1200EX electron microscope (JEOL, Tokyo, Japan).
RESULTS
Localization ofsynaptophysin in microvesicles in resting nerve endings of the rat neurohypophysis. Nerve endings of neurohypophysis contain clusters of microvesicles of 50 nm in diameter beneath the plasma membrane facing the basal lamina among neurosecretory granules (Fig. 1) . To characterize microvesicles, we examined localization of synaptophysin in nerve endings of resting neurohypophysis. Synaptophysin was localized in the region of the clustered microvesicles (Fig. 2) . Only a few gold particles were observed on other membrane organelles such as neurosecretory granules, the plasma membrane, and mitochondria. This observation confirms that microvesicles are distinct membraneorganells from neurosecretory granules and have similar characteristics of synaptic vesicles, allowing the use of synaptophysin as a marker of microvesicles. Cross-bridges of Synapsin I between clustered microvesicles. To examine clusters of microvesicles, we observed the molecular architecture of nerve endings of neurohypophysis by QF-DE (Fig. 3) . The nerve endings were filled with neurosecretory granules. Amongthem, microvesicles were clustered beneath the plasma membrane. These micrographs clearly showed that short strands (30-60 nm) cross-link microvesicles (arrowheads) to makemicrovesicles clustered. These strands seemedto be specific to microvesicles, since neurosecretory granules were devoid of them. These findings highly resemble our previous observations by QF-DEof the presynaptic terminals and in vitro reconstitution of synapsin I and synaptic vesicles, which show that synapsin I are a component of cross-linking short strands (30-60 nm) between synaptic vesicles in presynaptic terminals (14) .
To confirm that synapsin I is a component of short strands between microvesicles, weexaminedthe localization of synapsin I in unstimulated nerve ending. Labeling patterns were similar to those of synaptophysin in unstimulated nerve ending. Gold particles were restrictively localized in the region of the clusters of microvesicles, whereas neurosecretory granules, the plasma membrane, and mitochondria were almost free of gold particles (Fig. 4B) . Synapsin I are associated with microvesicles in high magnification view (Fig. 4A ).
These observations show that synapsin I is indeed a component of short cross-bridges between microvesicles and that synapsin I constructs a scaffold (a cytoskeletal barrier) in which microvesicles are embedded. This fact and the localization of synaptophysin in microvesicles suggest the similarity in molecular architecture between clustered microvesicles in neurohypophyses and synaptic vesicles in typical presynaptic terminals. Redistribution of synaptophysin after stimulation.
To know the fate of clustered microvesicles after stimulation, we examined the localization of synaptophysin in the electrically stimulated nerve endings. Microvesicles wereobserved over the nerve endings after stimulation (Fig. 5) . This change was confirmed with quickfreeze, freeze-substitution (Fig. 6) . The number of neurosecretory vesicles was reduced as a result of exocytosis, and large vacuoles and pleomorphic vesicles, some of them thought to derive from membrane of neurosecretory granules, were observed instead. Synaptophysin was also scattered, showing that synaptophysin positive-clustered microvesicles are redistributed after stimulation (Fig. 7) . In fact, clustered microvesicles or concentrated labeling of synaptophysin was hardly observed. Some labels were found near the plasma membrane.
Redistribution of synapsin I after stimulation. To determine whether synapsin I, nowshownto be a part Fig. 3 . Quick-freeze, deep-etch electron micrograph of unstimulated neurohypophysial nerve endings. Short linking strands of 30-60 nm are found between microvesicles (arrows). These strands seemed to be specific to microvesicles. Clustered microvesicles beneath the plasma membrane are cross-linked to each other by these strands. Bar: 0.1 fim.
of the scaffold of clustered microvesicles, remains localized in the restricted area or sparsely distributed when microvesicles are scattered after stimulation, we investigated the localization of synapsin I under the same conditions of stimulation used for the study of synaptophysin (Fig. 8) . Our observation supports the latter to be Fig. 4 . Ultrathin cryosections of resting neurohypophysial nerve endings stained with anti-synapsin I and colloidal gold-labeled second antibody. The staining pattern of synapsin I is similar to that of synaptophysin (A). Gold particles are specifically observed in the region of the cluster of microvesicles and associated with microvesicles in high magnification view (B). Few gold particles were observed on other membrane organelles such as neurosecretory granules, the plasma membrane, and mitochondria. Bar: 0.1 fim. likely. Synapsin I was scattered among the nerve endings after stimulation; selectively concentrated localization as found in unstimulated nerve endings was not observed. These observations showthat after stimulation, synapsin I is redistributed sparsely in the nerve endings in addition to the redistribution of microvesicles, rahter than remaining localized in the restricted area.
DISCUSSION
This study shows that microvesicles in neurohypophysis have similar characteristics of typical synaptic vesicles, and synapsin I has a role as a scaffold to cross-link microvesicles to be clustered in resting nerve endings. This scaffold of synapsin I is disengaged after stimulation to redistribute microvesicles and synapsin I itself.
In unstimulated nerve endings, we observed by QF-DE that short strands cross-linked microvesicles to cluster (Fig. 3) and by immunocytochemistry that synapsin I was localized in the area with clusters of microvesicles (Fig. 4) . In stimulated nerve endings, synapsin I was scattered ( Fig. 8 ) and microvesicles were also sparsely distributed (Fig. 7) .
Observations in unstimulated nerve endings are highly consistent with our earlier studies that synapsin I is a componentof short cross-bridges between synaptic vesicles. QF-DEshowed that short strands cross-link synaptic vesicles in the presynaptic terminal. Quite similar cross-bridges were observed by in vitro reconstitution of synaptic vesicles and synapsin I. Immunocytochemistry on ultracryosection showed the localization of synapsin I in synaptic vesicle-rich region (14) . Furthermore, QF-DEafter freeze-thaw immunocytochemistry showedthat cross-bridges between synaptic vesicles are immuno-labeled with antisynapsin I antibody and immunogold, confirming that synapsin I is the constituent of cross-bridges (9). This consistency moreover lends credence to our present conclusion of a prevalent role of synapsin I in the scaffold to restrain synaptic vesicles to aggregate in resting nerve terminals. Experimentsin stimulated nerve endings were carried out to test the following two possible behaviors of synapsin I after stimulation that was found to cause redistribution of microvesicles. One possibility is that the scaffold, in which synapsin I maybe a main component, remains; only microvesicles are released from the scaffold and redistributed in the nerve endings. The second possibility is that the scaffold is disengaged, and concurrently microvesicles are scattered. Our observation that synapsin I also scattered (Fig. 8) supports the second view. Since phosphorylation of synapsin I decreases its binding affinity with synaptic vesicles (32) and reduces its interaction with actin filaments (1, 30) , phosphorylation of synapsin I by CaMkinase II after stimulation may detach synapsin I from microvesicles and/or F-actin, causing liberation of microvesicles and synapsin I from clusters and redistribution of microvesicles and synapsin I. In accordance with this, high potassium depolarization of synaptosomes results in translocation of synapsin I to the cytosol fraction in phosphor- Fig. 6 . Electron micrographs of quick-freeze, freeze-substitution of stimulated neurohypophysial nerve endings. The membraneorganization was similar to those observed in conventional electron microscopy ( Fig. 1 and 5. ), while each membrane is smoother. Bar: 0.1 ftm.
ylation dependent manner (34) .
In contrast to our results in stimulated nerve endings, an earlier study using intensive stimulation by a-Latrotoxin with extracellular Ca2+failed to show redistribution of synaptophysin and synapsin I in the frog neuromuscular junction (37) . We suspect that their results by venom stimulation might not reflect the physiologically stimulated state of nerve terminals. Rapid recycling of synaptic vesicles mayalso hamperthe capture of any change because they used 1 hour of stimulation. Our results by electrical stimulation (20 s) and rapid fixation are more likely to reflect physiological change in nerve endings under stimulation. Turnover of microvesicles in the neurohypophysis might not be so rapid as that in the neuromuscular junction.
In addition, both high potassium depolarization and chronic dehydration also cause redistribution of synapsin I in the neurohypophysial nerve ending (unpublished data).
In this study, we also show that microvesicles in nerve endings of neurohypophysis have a similar characteristic of typical synaptic vesicles. First, synaptophysin and synapsin I were shown to be specifically localized in microvesicles by immunogold-ultracryotomy, which confirms the results of biochemical study (25) . Second, mo- lecular architecture of nerve endings of neurohypophysis revealed by QFDE, especially clustered microvesicles, were highly similar to those of the presynaptic terminals of central and peripheral nervous system (14) .
These observations support the hypothesis that microvesicles have characteristics similar to typical synaptic vesicles and that microvesicles and neurosecretory granules are distinct membraneorganelles (25) , rather than the hypothesis that microvesicles are the retrieved membrane of exocytosed neurosecretory granules (8, 24) .
There was another finding that microvesicles and synaptophysin were scattered over nerve endings after stimulation (Figs. 5 and 6). We also found a few labels of synaptophysin near the plasma membrane. Morris and Nordmann (23) showed by morphometric study on the neurohypophysis that microvesicles are redistributed towards the plasma membrane facing the basal lamina under high potassium stimulation. These observations may imply regulated exocytosis of microvesicles. Indeed, one recent line of evidence suggests that synaptophysin-positive microvesicles perform exocytotic-endocytotic recycling. Synaptophysin is targeted into a pathway of recycling microvesicles in both neuroendocrine cell line PC12 and synaptophysin-transfected fibroblasts (17) , and in PC12 cells synaptophysin is further sorted into specialized vesicle population similar to authentic synaptic vesicles (3, 4, 20) . Synaptophysin-positive microvesicles in pancreatic /3-cell are associated with GABAsynthesizing enzyme and are suggested to store GABA (31) . If microvesicles in neurohypophyses actually perform exocytosis, redistribution of microvesicles after stimulation maybe meaningful because it agrees with the hypothesis that phosphorylation of synapsin I frees clustered vesicles and supplies releasable vesicles.
In summary, this study shows that synapsin I makes a scaffold in which microvesicles are incorporated by cross-linking in unstimulated nerve endings and that this scaffold is disengaged and microvesicles are also concurrently scattered in stimulated nerve endings (Fig.  9 ). Our conclusion provides in situ dynamics of synapsin I, which is thought to have a crucial role in regulation of availability of synaptic vesicles for release. We also confirm the similarity between microvesicles in the neurohypophysis and typical clear synaptic vesicles.
